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The CO-steam process of coal liquefaction was studied 
at the Colorado School of Mines under contract from the 
Office of Coal Research to determine the effects of tempera­
ture and pressure on the liquefaction and'desulfurization of 
a high sulfur bituminous coal.
The CO-steam process utilizes the shift reaction, which 
reacts water and carbon monoxide to form hydrogen and carbon 
dioxide, as the source of hydrogen for hydrogenation and 
desulfurization of the coal. The coal was dissolved with a 
creosote oil solvent before reaction.
Experimentation was done in batch autoclave reactors. 
Reaction temperatures were varied from 375°C to 475°C and 
reaction pressures were varied from 2500 psig to 3500 psig
by varying the initial carbon monoxide pressure from 400
\
psig to 600 psig. Fixed operating variables were: solvent-
to-coal ratio, water-to-coal ratio, reaction time, and sol­
vent type. The following analyses were performed on the 
liquid coal and solvent mixture: percent benzene insolubles,
total sulfur analysis, kinematic viscosity, carbon hydrogen 
analysis, reaction gas analysis, and heating values. Sulfur 
balances and overall material balances were calculated.
The results indicate that conversion of coal to liquid 
increases with an increase in reaction temperature over the
iii
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range studied. However, changes in carbon monoxide pressures 
did not appear to have any definite effect on coal conver­
sion in the pressure range investigated. Coal conversions 
ranged from 57 to 99 percent on a moisture and ash-free 
basis.
Coal desulfurization increased with an increase in reac­
tion temperature over the range studied. Desulfurization 
results found in this study were not as good as those poten­
tially attainable using pure hydrogen. The maximum desul- 
furization attained in this study was 57 percent. The desul- 
furization obtained may not be the maximum attainable under 
the reaction conditions studied because of the equilibrium 
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Now, because of the energy shortage, pollution controls 
and dependence on foreign oil sources, there is a growing 
interest in coal liquefaction to produce a clean fuel oil 
from domestic resources. Many power plants burn fuel oil and 
natural gas instead of coal to meet environmental pollution 
regulations. If a coal-derived oil were used to replace the 
current feeds to power plants this would release the petroleum 
oils and gas consumed by power plants for use in home heat­
ing, industry, and motor fuel, thus relieving the shortage of 
petroleum-derived fuels.
Conversion of coal to clean fuels can be accomplished 
both by liquefaction and gasification; however, the liquefac­
tion conversion has a higher thermal efficiency. In addition, 
the liquid fuel produced in liquefaction has a higher energy 
density than gaseous fuels and therefore is cheaper to trans­
port and store.
Converting coal to a liquid generally requires the addi­
tion of hydrogen. If the hydrogen content of the coal is 
increased by 2 to 3 percent, mild liquefaction results. The 
heavy oil produced under mild liquefaction conditions can be 
used as feed to electric power boiler generators. If the 
hydrogen content of the coal is increased by 6 percent or 
more, light oils and gasoline are produced. If the lique-
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fied coal is to be used as a boiler feed a heavy oil is 
preferred because (1) It Is less costly to produce due to 
less hydrogen consumption, and (2) It has a higher energy 
density. In addition the heavy oil product may be used as 
a„ low-sulfur utility fuel either directly or after further 
refinement by removal of the ash and unreacted coal. Its 
use would depend on the design of the furnace to be fired 
with the synthetic liquid fuel.
Hydrogen is a very expensive raw material; therefore, 
liquefaction of coal using hydrogen directly would be a 
costly process. A way around this problem is to produce the 
hydrogen needed for the liquefaction of coal from less 
expensive raw materials. This can be done using the water- 
gas shift reaction. In this reaction water and carbon monox­
ide react to form hydrogen and carbon dioxide. Both starting 
materials, water and carbon monoxide, are inexpensive and 
readily available.
The source of hydrogen used in liquefying the coal in the 
CO-steam process comes from the reaction of carbon monoxide 
and water to form hydrogen and carbon dioxide. The interac­
tion of carbon monoxide and water with coal is not as simple 
as the interaction of pure hydrogen and coal (6).
Carbon monoxide and water have been found to liquefy coal 
more completely than pure hydrogen as demonstrated by Appell, 
et al. (4). Not only does carbon monoxide and water
liquefy the coal to a greater extent, but carbon monoxide is 
much cheaper and easier to obtain than hydrogen. In the
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future one possible source of carbon monoxide would be from 
a synthesis gas.
The CO-steam process of coal liquefaction was studied 
at the Colorado School of Mines under contract with the 
Office of Coal Research of the Department of the Interior. 
This thesis was concerned with determining the effects of 
two operating variables, temperature and pressure, on the 
liquefaction of a bituminous coal. Experimentation was done 
in batch autoclave reactors. Reaction temperatures were 
varied from 375°C to 475°C and initial carbon monoxide pres­
sures were varied from 400 psi to 600 psi. Fixed operating 
variables were: solvent-to-coal ratio, water-to-coal ratio,
reaction time, and solvent type. The following analyses 
were performed on the liquid coal: percent benzene insol­
ubles, total sulfur analysis, kinematic viscosity, carbon 
hydrogen analysis, specific gravity, reaction gas analysis, 
and heating value. In addition, an overall material balance 
and sulfur balance was done.
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CARBON MONOXIDE-STEAM LIQUEFACTION - LITERATURE SURVEY
The following is a summary of all currently published 
work on the CO-steam process.
Cellulose Liquefaction
The Bureau of Mines (1) is experimentally converting 
cellulose, primary constituent of organic solid waste, to a 
low sulfur oil. All types of cellulosic wastes have been 
converted to oil by reaction with carbon monoxide and water 
at temperatures of 350°C to 400°C and pressures near 4000 
psig in the presence of various catalysts and solvents. 
Cellulose conversions of 90 percent and better were obtained.
Sucrose liquefaction was also studied using a continuous 
reactor with maximum reaction conditions of 500°C and 5000 
psig. Oil yields of over 30 percent were obtained. This 
compares with oil. yields of 40 to 50 percent for the cellu­
lose liquefaction.
Work was also done by Yavorsky, et al. (2) using the CO- 
steam process to liquefy urban refuse. A continuous reactor 
with a flow capacity of 1 lb per hour was used. Sucrose was 
used to select the optimum conditions for the reaction of 
refuse. Results from the sucrose runs indicated that conver­
sion to oil was weakly dependent on total pressure and 
strongly temperature sensitive up to the optimum at 350°C.
T 1723 5
Oil yields of 23 percent for garbage up to 38 percent for 
sucrose were obtained. The ultimate theoretical yield of 
oil is 50 percent because approximately half the carbohydrate 
material is oxygen which cannot be converted to oil. A 
preliminary cost analysis showed that a large scale refuse 
conversion plant could be economically operated.
Early CO-Steam Work
In 1921 Fisher (3) reported using carbon monoxide and 
water in dehydrogenating coal. He reported higher yields of 
ether-soluble material using carbon monoxide and water than 
with hydrogen at similar conditions. Low conversion along 
with several other problems caused the carbon monoxide plus 
water approach to coal hydrogenation to be ignored after 1925 
Lignite Liquefaction
Batch tests were conducted by Appell, et al. (4,5,6,7) 
using a 500 ml rocking autoclave filled with 2 moles of 
carbon monoxide, lignite coal, water, and solvent. The objec 
tive of the work was to convert lignite to low sulfur fuel
oil. It was believed that hydrogenation of coal using carbon 
monoxide and water proceeded via nascent hydrogen formed by 
the water-gas shift reaction. It now appears that carbon 
monoxide and water react with lignite in a more complex 
manner and that a number of factors are involved. Carbon 
monoxide and steam had higher conversion levels and reaction 
rates than those obtained using hydrogen under similar con­
ditions. Results also indicated that both carbon monoxide 
and water must be present if good conversions are to be
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obtained, and that increasing the carbon monoxide pressure 
has a greater effect than increasing the steam pressure.
These effects are dependent on the ratio of carbon monoxide 
to water. Conversion of lignite increases with increasing 
amounts of carbon monoxide and steam; however, there was an 
optimum temperature. Decreased conversion resulted after 
the temperatures were increased past 400°C.
Appell, et al. (8) also did work using different solvent 
types and catalysts. Several lignite tars and pitches were 
used' as solvents and all had good results for lignite lique­
faction. The type of solvent was found more important than 
the amount. In the presence of a good solvent, it is pos­
sible to reduce the operating pressure and maintain acceptable 
conversions (85-90$). Heterocyclic amines were found to have 
a catalytic effect when used with carbon monoxide and water. 
The effectiveness of the heterocyclic amines is related to 
the increased boiling point of the solvent.
ARTHUR LAKES LIBRARY 




In 1921 Fisher (3) reported the use of carbon monoxide 
and water in coal hydrogenation. Fisher found that yields 
of ether-soluble material recovered were actually higher with 
carbon monoxide and water than with hydrogen at the same 
temperatures and pressures. These results appeared promising; 
however, the relatively low conversions, the emphasis on a 
one-step process for converting coal to gasoline, and the 
impact of the Fisher-Tropsch reaction caused the carbon 
monoxide, water approach to coal hydrogenation to be dropped 
after 1925.
Recently, Appell, et al. (4) used the carbon monoxide- 
water method on freshly powdered lignite coal and obtained a 
90 percent conversion of lignite to low sulfur fuel oil. It 
was believed that the hydrogenation of coal with carbon 
monoxide and water took place with the hydrogen produced by 
the water-gas shift reaction. It now appears that the action 
of carbon monoxide and water is more complex than originally 
believed. Appell, et al. showed that hydrogen had poorer 
conversion levels and rates than did carbon monoxide and water 
at similar conditions. *
Yavorsky, et al. (1,2) successfully liquefied urban 
refuse, sucrose and cellulose on a continuous basis using 
carbon monoxide and steam and obtained oil yields of 23 per­
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cent, 38 percent, and 40-50 percent, respectively. Low rank 
coals are more easily converted with this process; a maximum 
of 90-95 percent for lignite at 380-400°C. The conversion of 
bituminous coal increases with temperature in the range of 
375-425°C but does not exceed 75 percent. Sub-bituminous 
coals have intermediate reactivities (7).
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EXPERIMENTAL DESIGN
The object of this study was to determine the effects of 
varying reaction temperature and the initial moles of carbon 
monoxide on the liquefaction of coal.
The coal used in this study was a bituminous coal from 
the Pittsburgh number 8 seam, Ireland Mine, in West Virginia.
A proximate analysis, ultimate analysis, and a sulfur form 
distribution can be seen in Table 1. The bituminous coal 
was selected because of the relative difficulty in liquefying 
it. Also, the primary thrust of previous work was in lique­
fying a low rank coal such as a lignite.
The reaction temperatures were at five levels from 375- 
475°C. These temperatures are somewhat higher than those 
used in previous CO-steam work; however, it was thought that 
more severe conditions were needed to convert the high rank 
bituminous coal. Five temperature levels were used in order 
to obtain a definite trend in conversion as a function of 
temperature.
Two major cost factors in liquefying coal are the capital 
costs for high pressure equipment and the carbon monoxide 
cost. Therefore, if comparatively low operating pressures 
yield an acceptable conversion of coal to oil then money 
could be saved because of a reduced amount of carbon monoxide 
consumption and lower pressure equipment could be utilized.
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Table 1






% Moisture 0.75 -
% Ash 12.99 13.16
% Volatile 34.68 39.94




% Moisture 0.75 -
% Carbon 61.09 61.55




% Chlorine 0.05 0.05
% Sulfur 4.14 4.18
% Ash 12.99 13.16
% Oxygen 15.49 15.53
100.00 100.00
Heating Value (Btu) 11,143 11,227
% Total Sulfur 4.140
% Organic Sulfur ‘3.157
% Sulfate Sulfur 0.037
% Pyritic Sulfur 0.946
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With this in mind the low initial pressures of 400 to 600 
psig of carbon monoxide were selected. Another factor in 
selecting the low initial pressures of carbon monoxide was 
the pressure limitations of the equipment used. The final 
pressures in some cases could exceed 3000 psig and the limit 
of the equipment is approximately 4000 psig at 40Q°C. It 
was decided not to exceed 600 psig initial pressure.
Fixed operating variables are as follows:
1) Reaction time: 1 hr
2) Water-to-coal weight ratio: 1.5:1
3) Solvent-to-coal weight ratio: 3:1
4) Solvent type: Creosote oil
Determination of the percent conversion of coal to 
liquid product was done with benzene in a Soxhlet extractor. 
The percent conversion is 100# less the percent of insoluble 
residue remaining after benzene extraction. Calculations 
were done on an ash-free basis.
Sulfur analysis on the liquid product was done to deter 
mine the percent desulfurization of the coal and also in 
conjunction with the off-gas analysis will allow a calcula­
tion of a sulfur balance.
Carbon hydrogen analysis was done to determine the 
carbon-hydrogen ratio of the liquefied coal product to 
determine the approximate hydrogenation and chemical alter­
ation of the coal through processing.
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EXPERIMENTAL PROCEDURE
The following procedures are-listed In the order In which 
they were performed on each Individual run (see figure 1).
All experimental runs were in a random order.
Coal Preparation
1) Raw coal from the mine was crushed and screened and 
all that which passed through a 28 mesh screen was saved.
2) One large sample of -28 mesh coal was then split into 
16 equal size samples using a Jones sample splitter. This 
procedure was done three times in order to make enough samples 
for all the runs to be carried out.
3) Each sample was placed in a beaker with a watch glass 
cover and used when needed.
Processing
Reaction of the coal proceeds as follows:
1) The empty reaction vessel and head assembly are 
weighed.
2) One hundred fifty grams of anthracene oil solvent,
75 grams of distilled water, and 50 grams of coal are weighed 
and added to the bomb.
3) The reaction vessel assembly is reass.embled and then 
reweighed to determine the amount of reactants added.
4) The assembled reaction assembly is then inserted into 
the heating jacket and shaking assembly. The connecting 














Simplified Process Flow Diagram, CO-Steam Liquefaction of Coal.
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5) The reaction vessel Is then purged three times by
pressuring to 500 psig with helium, then venting to atmos­
pheric pressure. On the third pressurlzation the reaction 
assembly and connecting lines are leak tested using a water- 
soap solution. If there are no leaks the reaction vessel Is 
pressurized with carbon monoxide once to 500 psig, then to 
the initial carbon monoxide pressure required for that run. 
The system temperature is also recorded in order to determine
the weight of CO added to the reaction vessel.
6) The heating jacket and shaker assembly are both 
turned on and the temperature controller for the heating 
jacket set at reaction temperature.
7) When the system reaches reaction temperature the 
total pressure is then taken. (Three runs are done at the 
same conditions only on the third run the pressure is not 
checked so no gas is lost. This is done so that" an accur­
ate overall material balance can be obtained.)
8) The system is allowed to react for one hour at which 
time both the shaker and the heater are switched off, the 
connecting line to the vessel is removed and the reaction 
vessel assembly is removed from the heating jacket. The 
reaction vessel is then placed in front of a fan and cooled 
to room temperature. This causes the temperature inside the 
bomb to decrease rapidly, thus quenching the reaction.
9) When the reaction vessel has cooled to room tempera­
ture the reaction vessel assembly is then weighed and carried 
to the gas analysis system.
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10) After completion of the gas analysis, the reaction 
vessel is opened and the liquid product Is poured out Into a 
beaker. In order to remove all the liquid product the inside 
of the reaction vessel was washed with acetone. The acetone 
was then poured in with the liquid product. This mixture 
was then placed in an oven at approximately 50°C until all 
the acetone was vaporized. The beaker was then weighed to 
determine the amount of liquid product recovered.
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EQUIPMENT AND ANALYTICAL PROCEDURES
Reactor System
Two reactor systems of the batch autoclave generic type 
were used in this study. A gas delivery system, a reaction 
vessel, and a shaking assembly were the functional parts of 
the reactor systems.
The reaction vessels, as shown in Figure 2, were manu­
factured by the American Instrument Company (AMINCO) of 
Silver Spring, Maryland, and were from the 4 3/8-in. series. 
Both reaction vessels had inside depths of 10 in., inside 
diam. of 3 5/16 in., and approximate weights of 50 lbs.
The vessels were fabricated from AISI 3^7 stainless steel.
The vessels had a working pressure rating of 5,0^0 psi at 
100°F and had an effective volume of 1410 ml.
Two shaking assemblies were used in the reactor system. 
The shaking assemblies were standard Aminco 4 3/8-in. series 
and consisted of a 3,000-watt, 208-volt heating jacket mounted 
on a rocker assembly. The rockers for the shaking assemblies
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Figure 2







, Reactor vessel assembly,
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were actuated by 1/3-hp, 110-volt motors driving eccentric 
levers connected to the heating jackets. Figure 3 shows 
the shaking mechanisms and the heater mounted on the rocker 
as used for this experimental work. The heating jacket had 
the capacity to heat from room temperature to 400°C in 
approximately 1 1/2 hr. Aminco 30,000 psi valves.and fit­
tings were used to regulate the inlet and exit of the reac­
tion gases from each reaction vessel. One reactor system 
was equipped with 0 to 3,000 pressure gauge. The other had 
a 0-5,000 psi pressure gauge. Tubing used on the shaking 
assemblies was 304 stainless steel, 1/4-in. o.d., and rated 
for operation at 100,000 psi at 100°F.
Leeds and Northrup Electromax III controllers, with 
Model 11906 SCR final control elements were used for tempera­
ture control. Temperatures were recorded on a Honeywell 
Electronik III two-channel continuous recorder. The tem­
perature sensors were chromel-alumel thermocouples.
Both shaking assemblies were connected to purging- 
charging gas delivery systems. Each of these systems con­
sisted of a helium cylinder, a carbon-monoxide•gas cylinder, 
pressure regulators for each cylinder, and Aminco stainless 
steel tubing and fittings similar to those used on the 
shaking assemblies.
Sulfur Content of the Liquid Coal
To analyze for the total sulfur content of the liquid 
coal, the Leco induction furnace technique, ASTM D1552-64 (9)
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9. Heating jacket 
10. Reaction vessel
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was used. A gas purification train, an induction furnace 
and a semi-automatic titrator unit were the three components 
of the analysis system. The gas purifying train contained 
an acid tower, a dry reagent tower, and a rotameter, and was 
used to measure and scrub any residual sulfur from the enter­
ing oxygen. The induction furnace was a Leco model 521, 
equipped with the "L" modification on the combustion chamber. 
A special feature of the "L" modification was the inclusion 
of a high temperature igniter in the combustion chamber. The 
exhaust gases from the induction furnace combustion chamber 
were sent through an electrically heated glass delivery tube 
and into the Leco semi-automatic titrator model 518. The 
semi-automatic titrator used an idiometric reaction with a 
color change endpoint to analyze the combustion gases. The 
titrator proved to be a rapid and reliable method for 
analyzing the solvents for total sulfur. The reported 
accuracy of the test is i0.01 weight percent sulfur.
The Leco induction furnace technique used was ASTM 
D1552-64 (American Society for Testing and Materials, 1968, 
pp. 377-383) with the following changes:
a) Section 3 (a) 1— Replace Figure 1, Combustion Tube 
with Figure 5, Leco "L" Modification of the Combustion Tube 
Assembly.
b) Section 7 (a)— Add 500-800 mg of solid sodium azide 
to the titration vessel to inhibit any interference of chlor­
ine or nitrogen in the determination and wrap the delivery
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tube with heating tape to prevent condensation of water that 
could absorb SO^ and Interfere with the determination.
c) Section 8 (a)— Replace the entire section with the 
following procedure. Add approximately 0.15 g of chemically 
pure MgO to a sample crucible and weigh the crucible to 0.1 
mg. Add approximately 50 mg of coal sample to the crucible 
and weigh to 0.1 mg. Add about 0.15 g more MgO to the cru­
cible. Add about 2.3 g of low-sulfur iron accelerator to 
the geometric center of the crucible. Sprinkle about 0.6 g 
of tin accelerator on the mound of iron accelerator. Cover 
the crucible with a porous lid and place on the furnace 
pedestal.
1d) Section 8 (b)— Add the following procedure: Combus­
tion time, defined as the period during which plate current 
is greater than 350 ma,-must be three to five minutes. When 
combustion is completed, add KIO^ titrant until the reading 
on the millivolt meter of the titrator returns to its 
original position (10 mv).
Chromat ograph
Analysis of the reaction product gas was accomplished by 
gas chromatography. The gas chromatograph was fitted with an 
external valve oven, two eight-foot Porapak Q columns, and 
one six-foot molecular sieve column in a series by-pass 
arrangement. The columns were heated to 170°C. The chromato­
graph was supplied with a helium carrier gas. A heated
T 1723
thermal conductivity detector was used.











The hydrogen composition was determined indirectly and this 
procedure is given in Appendix A. The accuracy of the 
reported gas weight percents are t2.5 percent.
Calibration of the gas chromatograph was accomplished 
by determining an average response factor for pure compon­
ents relative to nitrogen, and an average retention time 
for each component was established. A summary of this cal­

























The above gases were found to be the primary constituents 
from a mass spectrogram done by the Pittsburgh and Midway 
Coal Company. Unsaturated hydrocarbons would not be present 
in the reaction gas because of the presence of hydrogen at 
high temperature and pressure.
Calibration of molecular weight determination flask was 
done using four samples of pure gases of known molecular 
weight. The Ideal G,as Law was used in calculating the molec­
ular weights. A comparison of the observed molecular weight 
and actual molecular weight is given in Table 3.
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Table 3 
Gas Wt MW MW
Gas T(°K) P (atm) (gr) (calc.) (actual) % Error
c h4 299.5 0.814 0.0779 15.9 16.0 0.75
Air 300.5 0.809 0.1380 28.4 28.8 1.4
C2H6 299.5 0.810 0.1455 29.8 30.1 0.99
c 3h 8 299.5 0.810 0.2158 44.2 44.1 0.23
Gas .Analysis
1) The weighed reaction vessel Is attached to the gas 
analyzing system shown in Figure by flexible high pressure 
tubing.
2) The total system is then evacuated and the sample 
cylinder is filled. The bleed valve on the reaction vessel 
is opened and the vent valve in the gas analyzing system is 
opened. Several times during the venting of the bomb the 
inlet valve on the sample cylinder is opened in order to get 
an accurate gas sample from the bomb.
3) Next an airtight glass flask is evacuated'and weighed. 
The flask is then reattached to the system and re-evacuated. 
Once this is completed the flask is then filled to atmospheric
i
pressure with the gas in the sample bomb and the flask is 
reweighed to determine the weight of the sample gas at room 
temperature.
4) After the system has been re-evacuated a gas sample 
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Determination of Percent Benzene Insolubles in the Liquid Coal
The Soxhlet extraction was performed to determine the 
percent benzene-insolubles in the liquefied product. A 
sample of the liquefied product (10-20 gms) is weighed in an 
Erlenmeyer flask and benzene (100 ml) added to it. The mix­
ture is heated to 70°C while stirring, and then poured 
through a weighed double thickness cellulose thimble. To 
ensure that all the benzene-insoluble material in the flask 
has been dissolved, additional benzene is added and heated 
to 70°C. This is again poured through the same cellulose 
thimble. The weight of the residue in the flask is deter­
mined .
The thimble is placed in the Soxhlet extractor (Figure
5) and the extraction carried out until the benzene runs 
clear. (This takes about 20-24 hrs.) The boiling tempera­
ture of the benzene was 83°C. The thimble is dried and 
weighed to determine the amount of benzene-insoluble in the 
thimble. This is added to the weight of the residue in the 
flask to give the total weight of the benzene-insoluble 
portion.
A - Cellulose thimble 
B - Soxhlet extractor 
C - Boiling flask 




______Total wt of residue - .
Total wt of extract x (l/( (S/C )+l)) " ,0 asn
where S/C = solvent to coal weight ratio.
Heating Value Determination
The heating value of the liquid coal was determined 
using a standard bomb calorimetry technique with the follow­
ing modifications:
1) Determine the grams of total sulfur in the sample 
from the total sulfur data.
2) Determine the ml of NH^ solution titrated due to 
total sulfur content by dividing the total sulfur weight in 
the sample by 0 .0061.
3) Determine the ml of NH^ solution titrated due to 
nitrogen by calculating the difference in ml of the reported 
titration and that due only to sulfur.
4) Determine the heat content due to sulfur, S, by 
multiplying the centigrams of sulfur with the sample by 23.3 
Btu-g/lb-c ent igrams.
5) Determine the heat content due to nitrogen, N, by 
multiplying the ml required for nitrogen titration by 10 
Btu-g/lb-ml.
6) Calculate the heating value of the sample coal by
the following formula:
HV = CAT)(E) - AF + S + N 
sample wt in grams
where:
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HV = heating value, Btu/lb
AT = corrected temperature change, °C
E = calorimeter water equivalent (Btu/lb)(g/°C)
AP = heat correction for nichrome wire fused during 
combustion, Btu-g/lb 
S = correction for heat due to sulfur content, Btu-g/lb 
N = correction for heat due to nitrogen content,
Btu-g/lb.
The experimental tests were performed by the Colorado 
School of Mines Research Institute, Golden, Colorado.
Solids Separation
In order to do the viscosity and carbon-hydrogen measure­
ments the solid particles needed to be removed from the 
liquid coal. A hot filtration was attempted, however, this 
process proved to be slow and cumbersome and partial vapor­
ization of the liquid coal occurred during the filtration.
The centrifugal separation was a simple process that yielded 
good solid-liquid separation.
After the Soxhlet extraction and total sulfur analysis 
was done on the liquid coal, each sample was spun in a cen­
trifuge at 2000 rpm for approximately one and one-half hours. 
After being spun the liquid is decanted off and the solid is 
left in the centrifuge tube. From this procedure a liquid 
sample that was nearly void of solid particles was obtained.
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Determination of Viscosity of Liquid Coal
The viscosity of the liquid coal was determined using 
Saybolt Viscometer. The procedure followed and equipment 
used is outlined in ASTM D88-56 (10). A Universal tip was 
used in the viscometer. The viscosities were run at 210°F.
Carbon-Hydrogen Analysis of Liquid Coal
Conventional carbon-hydrogen tests were performed by 
Huffman Laboratories, Inc. in Denver, Colorado.
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RESULTS
The following section contains the results and a dis­
cussion of the significance of the results.
Listed below are the subjects contained in this sec­
tion.
1) Run conditions





7) Final reaction pressure
8) Viscosity of the liquid coal
9) Elemental balance, Run #15C
10) Liquid coal heating values
Run Conditions
Table 4 shows the run numbers and the corresponding 
reaction conditions. Reaction conditions were the same for 
runs A, B, and C. All experimental runs were performed in 
a random order, not in the order listed in Table 4.
T 1723 32
Table 4. Run conditions.
Reaction Initial CO
Run Temperature Pressure
No. (°C)_____  (psig)
1 375 400
2 375 500













Percent Conversion of Coal to Liquid
The results of the Soxhlet extractions are summarized 
in Table 5 and Figures 6, 7, 8, and 9.
One definite trend shown by the data Is that higher 
temperatures favor the liquefaction of coal. The carbon 
monoxide pressure effects are not as obvious. However, a 
trend can be seen If the highest and lowest pressure level 
are compared. At all but the lowest temperature Investigated 
(375°C) the 600 psi conversion isobar was above the 400 psi 
conversion isobar. This suggests that higher initial’pres­
sures of carbon monoxide enhance the liquefaction of coal, 
which agrees with results from the Bureau of Mines research 
(5). Appell and Wender found that an increase of initial 
carbon monoxide pressure from 500 psi to 1100 psi results 
in an increase in conversion from approximately 40# to 70#, 
for a bituminous coal. Reaction temperatures and reaction times 
for the Bureau of Mines study were 425°C and 2 hours, respec­
tively. A different solvent type, solvent-to-coal ratio, and 
water-to-coal ratio were used so the Bureau of Mines results 
cannot be directly compared with the results reported here. 
However, the conversions found in this study were much higher 
than conversions of a bituminous coal reported by the 
Bureau of Mines. When all three isobars are plotted (Figure
6) no pressure trend seems apparent. The 500 psi isobar 
crosses both the 400 psi and the 600 psi isobars. This sug­
gests that the pressure levels chosen were too close together
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Table 5. Percent conversions of coal to liquid.
Run ¥t. Percent Run Wt. Percent
No. Conversion No. Conversion
1A 67.3 9A 77.4
IB 71.9 9B 73.2
1C 71.5 9C 84.9
2A 60.4 10A 84.6
2B 65.9 10B 70.4
2C 57.1 10C 87.6
3A 71.7 11A 90.5
3B 60.4 11B 90.7
3C 58.0 11C 91.6
4a 62.0 12A 85.2
4b 76.9 12B 84.9
4C 73.2 12C 95.4
5A 68.4 13A 55.8
5B 63.8 13B 60.4
5C 83.6 13C 53.5
6A 76.7 14A 83.1
6B 70.6 l4B 78.4
6C 84.3 14C 87.8
7A 77.5 15A 89.4
7B 72.1 15B 99.5
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for any trend to be observed.
Figure 10 shows the effect of hydrogen partial pressure on 
the conversion of the coal. The data was scattered, however, 
the trend shows that increasing the hydrogen partial pressure 
increases the coal conversion.
The reaction gas analysis was used to determine the hydro­
gen partial pressures. A table of hydrogen partial pressures 
is given in Appendix B. The accuracy of the hydrogen partial 
pressures involved in the calculation technique are subject to 
the assumptions used. Several points in Figure 10 were 
rejected. An explanation for each follows.
Run 6C was rejected because the hydrogen partial pressure 
was approximately half of the hydrogen partial pressures from
other two runs at the same conditions. Run 7C was rejected
because the hydrogen partial pressure was about 40$ greater 
than those of the other two runs at the same conditions. Run 
10B was rejected because its conversion was approximately 15 
percent lower than the other two at the same conditions. Runs 
13A, B, and C were all rejected because of the severe coking 
observed. Coking was also observed in runs and 15; however,
the coking was not as severe.
One problem in the analysis of the liquefied coal was the 
inaccuracy in the Soxhlet extraction procedure. Repeatability 
tests were done and the error in the Soxhlet extractions 
ranged between 2 to 15 percent.
The temperature and pressure readings reported have an 




A material balance on every run was made. Results are 
presented in Table 6.
On runs A and B, the reaction pressure was checked dur­
ing the course of the reaction resulting in a loss of
approximately 10 to 20 grams of material. When the reac­
tion pressure is checked the valve on the top of the reactor
bomb is opened, allowing gas to fill the pressure gauge, 
and is shut. The gas that fills the line between the valve
and the pressure gauge is lost. The gases lost during the
pressure check are reaction gases, light hydrocarbon liquids 
that are vaporized, and steam. On the C runs, the reaction 
pressure was not checked and in all these cases the overall
material balance checked within 9 grams. Gas losses were cal­
culated to be 8-10 grams, assuming an ideal gas. This seems 
in agreement with the actual losses.
The accuracy in the weights reported as ’’Total In’’ and 
’’Total Out’’ are ±2.0 grams. This is the accuracy of the 
triple beam balance used in determining these weights.
Weight of the reaction gas was determined by subtracting 
the weight of liquid recovered from the weight of total 
products out.
After the liquid and solid product is removed from the 
bomb it is placed in an oven to vaporize the acetone used 
to recover the products. However, the unreacted water in 
the products was also vaporized; therefore, the difference 
between total reaction product weight and liquid recovered 
weight gives the weight of the reaction gas and the un-
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Table 6 . Material balance (all weights; reported in grams).
Run Wt CO Wt H20+Solvent Total Total Wt Liq Wt
No. In +Coal In In Out Loss Recovered Gas
1A 36 273 309 297 -12 190
IB 36 273 309 289 -20 194 -
1C 36 273 309 311 + 2 204 107
2A 44 273 317 303 -14 186 -
2B 43 281 324 301 -23 188 —
2C 43 281 324 316 -8 191 125
3A 53 274 327 319 -8 211 -
3B 53 271 324 314 -10 192 -
3C 51 275 326 326 0 201 125
4a 36 268 ' ' 304 281 -23 179 —
4b 36 273 309 286 -23 197 —
4C 35 275 310 309 -1 196 113
5A 44 285 329 303 -26 177 -
5B 44 273 317 - — 185 —
5C 44 274 318 321 + 3 203 118
6a 53 274 327 315 -12 192 —
6b 53 276 329 318 -11 198 —
6C 51 283 334 - - 189 123'
7A 35 271 306 278 -28 175 -
7B 35 273 308 290 -18 183 —
7C 35 273 308 311 + 4 183 128
Ba ^3 273 316 296 -20 184 —
8b 44 274 318 300 -18 183 —
8C 44 275 319 310 -9 188 122
9A 53 274 327 309 -18 192 -
9B 53 274 327 - - 201 -
9C 51 275 326 329 +3 206 123
10A 33 278 311 289 -22 186 —
10B 36 275 311 292 -19 184 —
IOC 34 274 308 306 -2 186 120
11A 44 2 69 313 299 -14 179 -
11B 44 269 313 298 “15 189 —
11C 44 273 317 318 + 1 192 126
12A 53 274 329 314 -13 183 -
12B 53 275 328 308 -20 187 -
12C 51 277 328 324 -4 192 132
13A 35 276 311 292 “19 172 -
13B 35 273 308 300 -8 175 -
13C 36 275 310 310 0 173 137
i4a 44 275 319 303 -16 172 —
14b 45 275 320 303 “17 177 —
14C 45 274 319 - - 183 133
15A 54 27 6 330 310 -20 171 -
15B 53 278 331 312 -19 173 -
15C 53 277 330 327 -3 186 141
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reacted water left in the reactor bomb. The amount of un­
reacted water left in the bomb was not analytically deter­
mined, but from observation it appeared that the amount of 
water left after reaction was small (on the order of 5 grams). 
The weight of reaction gas reported is therefore slightly 
greater than actual.
The weight of reaction gas was reported for only the C 
runs, where the material losses were small, thus giving more 
accurate weights. The weight of carbon monoxide charged to 
the system is calculated using the method described in 
Appendix A.
Water losses from the helium purges were calculated 
using RaoultTs law and were found to be insignificant.
Sulfur Balances
A tabular comparison of the sulfur balances for all the 
C runs is shown in Table 7.
Sulfur balances were done on only the C runs because the 
A and B runs had poor material balances. The largest source 
for error in the sulfur balance calculations was the deter­
mination of the percent sulfur in the reaction gas. The 
determination of the sulfur content in the reaction gas was 
done using a gas chromatograph. The procedure for calculat­
ing the weight percent sulfur in the reaction gas from the 
peak heights is described in Appendix A. If the peak height 
of hydrogen sulfide was misread by 20 percent, then the 
sulfur content in the reaction gas would be off by approxi­
mately 15 percent. The maximum error in the peak measure­
ments is 6 percent. Therefore, the sulfur percentages can 
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the product gas Is determined by the difference between the 
weight of the total product minus the weight of the liquid 
coal recovered. If any liquid is lost during recovery from 
the reactor bomb, this amount is in effect added to the 
weight of reaction gas. If any water was left unreacted this 
weight was also added to the weight of the reaction gas. The 
reason for this is that after the liquid reaction products 
are recovered from the reactor bomb the material is placed 
in an oven to vaporize the acetone used to recover the 
products from the bomb. If there is any unreacted water 
left it is vaporized and the loss of water is added to the 
weight of reaction gas.
The weight of total reaction products was not avail­
able for several runs; therefore, on these runs the weight 
of reaction gas could not be determined by difference. When 
the weight of reaction gas could not be determined by dif­
ference, the weight of gas was determined using the reaction 
temperature, pressure, and volume in the reactor, and also 
assuming the reaction gas was ideal. This procedure checked 
with the amount found by difference within several grams.
A sample calculation is shown in Appendix A.
The error in the sulfur balances range from 1.5 to 46 
percent. The average error was approximately 10 to 15 per­
cent with more apparent sulfur being accounted for in the 
products than in the combined feed. This suggests that the 
sulfur analysis on the raw coal or the creosote oil was 
low or the percent sulfur in either the reaction gas or
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liquid coal was consistently high. Despite the aforemen­
tioned problems the results from both the sulfur balance 
and the overall material balance are encouraging.
Sulfur Removal
Total sulfur analyses on the liquid coal and solvent 
mixture are shown in Figures 11^14 and Table 8. The points 
plotted in Figure 11 were found from the average of the 
three runs at the same temperature and pressure.
Increases in reaction temperature and carbon monoxide 
pressure decrease the amount of sulfur in the liquid product. 
The only deviation from this general trend occurs at 375°C 
and 40'0°C at an initial carbon monoxide pressure of 400 psi. 
At both these temperatures the lowest carbon monoxide pres­
sure had better desulfurization than the higher pressures.
Following is a possible explanation of the crossing 
of the desulfurization isobars in Figure 11. Several con­
siderations are listed below:
1) Higher reaction pressures were obtained by charging 
more carbon monoxide to the reactor. Since the amount of 
water charged is fixed a higher carbon monoxide to water 
ratio increases the yield of hydrogen produced from the shift 
reaction.
2) Higher temperature increases the reaction rates for 
both the hydrogen desulfurization reaction and the shift 
conversion reaction.
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Table 8. Total Sulfur of Liquid Coal














*Note: the weight percents listed for each run number
are the average of runs A, B, and C. Sulfur 

































Figure 12. Weight Percent Sulfur in Liquid Coal Product 









Figure 13. Weight Percent Sulfur in Liquid Coal Product 
@ Initial CO Pressure of 500 psig.
1.1-  :-------------------------
0.6 -

















0 . 5 -----------
350
Weight Percent Sulfur in Liquid Coal Product 
@ Initial CO Pressure of 600 psig.
T
H --------- 1--------- 1--------- 1--------- 1---------
375 400 425 450 475 500
Reaction Temperature (°C)
Note: Figures 12, 13, and 14 have the standard deviation plotted at every
temperature level.
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3) However, the thermodynamic yields of H2S and H2 
from the desulfurization reaction and the shift conversion 
reaction are greater at lower temperatures.
4) Partial desulfurization of coal occurs by devola­
tilization of the coal. More devolatilization occurs at 
lower system pressures.
Items 1 and 2 indicate that greater desulfurization 
occurs at higher temperature and pressure. However, item 
3 indicates low temperatures are more favorable to desul­
furization, and item 4 indicates an advantage for low pres­
sures. These considerations offer a partial explanation 
for the reversal of pressure effects at lower temperatures 
and the flat temperature response at the lower temperatures 
investigated.
Figure 15 shows that the best desulfurization occurs 
at higher hydrogen partial pressures. This coincides with 
the higher temperatures investigated. This suggests that 
the shift reaction was going more to completion at higher 
temperatures as indicated in item 2.
The temperature effects on desulfurization are much 
more apparent. An increase in reaction temperature of 100°C 
approximately doubles the desulfurization of the coal.
The error in the Leco procedure for determining the 
total sulfur in the coal product is ±0.01 percent, which is 
not significant in comparison with the total sulfur percent­
ages of 0.6 to 1.0 percent.
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Actual desulfurization of the coal ranged from 23 to 
57 percent. Desulfurization results on the same coal using 
hydrogen at similar reaction conditions were reported to be 
(12) 77 percent desulfurization at 400°C. Approximately 
25 percent of the sulfur was removed using the CO-steam 
process at the same reaction temperatures. Apparently pure 
hydrogen gives much better desulfurization than carbon 
monoxide and water. Better desulfurization with hydrogen 
should be expected since there is more hydrogen in the gas 
phase present to react with the sulfur.
The primary desulfurization reaction that is favored 
by chemical equilibrium is reaction of sulfide sulfur in the 
coal'reacting with hydrogen gas. The reaction is:
RSR(£) + 2H2(g) + 2RH(g) + HgSCg)
A plot of coal desulfurization versus hydrogen partial pres­
sure and reaction temperature was made to determine the 
effects of each on desulfurization. The plots are shown 
in Figures 15 and 16. Two conclusions can be made from 
these plots. One, desulfurization increases with an increase 
in hydrogen partial pressure, and desulfurization increases 
with an increase in reaction temperature. The hydrogen 
partial pressure has to be increased by 3 times to double 
the desulfurization, however, and increase of 25 percent in 
the reaction temperature doubles the desulfurization. It, 
therefore, appears that reaction temperature has a stronger 
effect on desulfurization than does hydrogen partial pressure.
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Table 9 . Percent Desulfurlzation of Coal.
Run Run
No. % Desulfurization No. % Desulfuri
1A 32.9 9A 36.9
IB 33.2 9B 31. 8
1C 27.9 9C 39.9
2A 25.1 10A 36.2
2B 24.3 10B 34.7
2C 27.3 10C itl.it
3A 23.6 11A 42.93B 28.0 11B 42.1
3C 26.6 11C 42.1
4A 29.5 12A 45.8
4b 29.5 12B 45.8
4C 33.2 12C 41.4
5A 24.3 13A 51.8
5B 26.6 13B 51. 8
5C 30.3 13C 57.0
6A 31.0 l4A 51.8
-6b 31.8 14b 53.36C 31.8 l4C 54.0
7A 28.8 15A 52.5
7B 31.0 15B 49.6
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It must be noted that the experimental runs were done 
in batch reactors. As a result the desulfurization is 
limited by equilibrium. Therefore, the desulfurization 
obtained may not be the maximum attainable under the reac­
tion conditions studied.
Carbon-Hydrogen Ratio of Coal Liquid
Tabular values of the C/H weight ratio are shown in 
Table 10. There appears to be.no discernible trend in these 
results. The C/H ratios ranged from 14.46 to 14.78 with a 
standard deviation of 0.32.
The carbon hydrogen ratio of the raw coal and the 
raw solvent is 13.45 and 15.31 respectively. The carbon 
hydrogen ratio of the raw coal plus solvent slurry is 14.85. 
The average carbon hydrogen ratio of the mixture after treat­
ing was 14.97. Therefore, it appears that little hydrogena­
tion of the coal and solvent occurred.
Final Reaction Pressures
Reaction pressures were not taken on the C runs so 
that an accurate material balance could be calculated. A 
plot of reaction pressures and a table of the same values 
are shown in Figure 17 and Table 11 , respectively.
Reaction pressures increased with increased reaction 
temperature and with increased initial carbon monoxide pres­
sure. The increase was not linear but slightly exponential. 
The highest reaction pressure encountered was 3540 psig at 
475°C and initial carbon monoxide pressure of 600 psig.
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Table 10. Carbon-Hydrogen Ratios of Liquid Coal Product 
Run Run
No. C/H No. C/H
1 14. 69 9 14. 56
1 14.80 9 15.01
1 14. 56 9 14. 74
2 L4. 88 10 15.23
2 14.81 10 15.49
2 14.81 10 15.04
3 14.96 11 14.97
3 14. 47 11 15. 48
3 14. 88 11 14.95
4 14.86 12 14.50
4 14. 65 12 14.68
4 15. 31 12 14. 68
5 14.92 13 15.80
5 14.74 13 15.38
5 14.87 13 15. 60
6 14. 74 14 15.56
6 14.64 14 15.27
6 14.77 14 15.30
7 15.11 15 15.35
7 15.10 15 15. 28





Table 11 . Final Reaction Pressure.
Run P Final (psi)*
No. A B Ave.
1 2340 2340 2340
2 2600 2450 2525
3 2880 282 0 2850
4 2460 2490 2470
5 2740 2740 2740
6 2960 3030 2995
7 2600 2590 2600
8 2820 2900 2860
9 3210 3160 3185
10 2620 2860 2740
11 3120 3100 3110
12 3380 3360 3370
13 3040 3080 3060
14 3350 3350 3350
15 35^0 3540 3540
*Note: Reaction pressures were taken on runs A and B only.
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Viscosity of the Liquid Coal
The viscosities ranged from 39 SSU to 77 SSU.
Liquid viscosities are shown in Table 12 . Product viscos­
ity decreased with an increase in both temperature and pres­
sure with reaction temperature having a greater effect on 
the product viscosity than reaction pressure. At the lowest 
reaction temperature the pressure effect was reversed.
The higher reaction pressures and temperatures cracked 
the coal molecules to a greater extent making the liquid 
product less viscous.
It must be noted that the viscosities were taken of the 
mixture of both treated coal and solvent with the unreacted 
coal being separated before analysis. Several samples were 
analyzed twice to check the results. A maximum variation of 
2 Saybolt seconds, or approximately 3 percent error, was 
found.
Carbon Balance, Run 15C
Tables 13 and 14 show feed and reaction gas composi­
tion summaries, and Table 15 shows the carbon balance 
for run 15C. Run 15C was chosen for the carbon balance 
because it had both a good sulfur balance and good overall 
material balances. Ultimate analysis was performed on the 
solvent to determine compositions of all components. The 
ultimate analysis on the solvents are given in Appendix B.
The chromatograph results were used to determine the reaction 
gas summary shown in Table 14. An ultimate analysis was
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Table 12
Kinematic Viscosity of Liquid Coal at 210°F
SSU (sec) Kinematic Viscosity
Run No._____________ 1_____2______  1 (cst. )____ 2
1 68 67 12.7
2 71 13.4
3 74 76 14.2 14.7
4 77 14.9
5 72 73 13.7 13.9
6 61 10.9
7 63 62 11.4 11.2
8 60 10.6
9 50 7.9
10 55 55 9.3 9.3
11 47 7.1
12 44 44 6.2 6.2
13 45 6.5
14 45 6.5
15 39 • 40 4.7 5.0
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also done on the coal product from run 15C so a complete 
carbon balance could be made.
Approximately lk% of the carbon in the untreated 
coal slurry left in the reaction gas, and the rest remained 
in the liquid. An error of 7^ was reported on the carbon 
balance.
Some carbon .in the untreated coal and solvent leaves 
the system with the reaction gases. This effect coupled with 
the hydrogenation of the coal and solvent would tend to 
decrease the carbon-hydrogen ratio; however, the carbon- 
hydrogen ratio remains nearly unchanged after treating. An 
explanation for this inconsistency follows.
The carbon leaving the coal and solvent leaves in the 
form of light hydrocarbon gases, which have a large amount 
of hydrogen in them,(carbon-hydrogen ratio of approximately
4). Therefore, the amount of hydrogen from the water that 
goes into the coal and solvent is nearly equally offset by 
the hydrogen leaving the coal and solvent in the reaction 
gas es.
The accuracy of the numbers shown in Table 14 are approxi­
mately ±0.1 grams. The numbers in Table 14 are reported with 
more significant figures than the analysis on the reaction 
gas allows.
T 1723
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Heating Values of Liquid Coal
Heating values were determined on the mixture of liquid 
coal and solvent after treating. The heating values are 
shown in Table 16.
The untreated mixture of coal and solvent had a heating 
value of 153388 BTU/lb. After treating the heating values 
of the mixture ranged from 16,873 BTU/lb to 17,8l8 BTU/lb. 
Therefore, the heating values were increased approximately 
10 percent through treating.
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The following conclusions can be made from this study.
(1) Conversion of coal to liquid is increased with-an 
increase in reaction temperature over the range of 375°C to 
475°C. However, the total system pressure^over the range 
of 2300 psig to 3500 psigjdid not appear to have any defin­
ite effect on coal conversion.
(2) Conversion of bituminous coal to liquid were better 
than conversions reported in previous studies at the same 
reaction conditions.
(3) Desulfurization increases with an increase in reac-\
tion temperature over the range of 375°C to 475°C. Again, 
the pressure effects on coal desulfurization are not appar­
ent from this study.
(4) Desulfurization results found in this study using 
the CO-steam process are not as good as the desulfurization 
potentially attainable using pure hydrogen.
(5) Desulfurization increases with an increase in 
hydrogen partial pressure from 100 psia to 800 psia.
(6) Maximum desulfurization attained with the CO-steam 
process in the temperature and pressure range studied was 
57 percent.
(7) Reaction pressures increase exponentially with 
increases in reaction temperature over the range studied.
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(8) The carbon-hydrogen ratio of the coal and solvent 
mixture did not change appreciably through processing in the 
temperature and pressure ranges studied.
(9) Liquid coal and solvent viscosities decrease with 
decreases in both reaction temperature and reaction pres­
sures over the range studied.
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RECOMMENDATIONS FOR FURTHER STUDY
Only two process variables were studied in this thesis 
reaction temperature and reaction pressure. Evaluation of 
other solvents (besides anthracene), the effect of water-to 
coal ratio, and solvent-to-coal ratio could be easily 
studied in existing batch autoclave equipment. These vari­
ables would have a direct bearing on the operating costs of 
a commercial coal liquefaction process. Another variable 
that would lend itself to batch work is the study of lique­
faction of different types and ranks of coal.
Reaction time, reaction temperature, reaction pressure 
and amount of carbon monoxide used in the reaction could 
more easily be studied in a continuous processing unit, sim 
liar to one being built at the Colorado School of Mines.
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Note: all sample calculations for Run 1A unless specified
otherwise.
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(1) Calculation of the weight of carbon monoxide charged to 
the reaction bomb.
Assume the ideal gas law holds,
Tver -om mw x P x VPV = nRT or m = --------—
where: m = weight CO (grams)
mw = molecular weight CO (grams/gr-mole)
P = initial pressure of CO (atm)
V = void space in reactor bomb (liters)
R = gas law constant (&-atm/gr-mole-°K)




m = 43.8 grams.
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(2) Calculation of the average molecular weight of the 
reaction gas.
Assume the ideal gas law holds,
•n -om m x R x TPv = nRT or mw = — ~------P x v
where: mw = average mole wt of reaction gas (gr/gr-mole)
m = wt of reaction gas (grams)
R = gas law constant (£-atm/gr-mole-°K)
T = temperature of reaction gas (°K)
P' = pressure of reaction gas (atm) 
v = volume of flask (liters)
___ _ (0.141J3)(0.0825)(300) mw = ---- £07;-------------
(||§) (0.150A) 
mw = 28.8 gr/gr-mole.
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(3) Calculation of,reaction gas compositions.
imponent (1) (2) (3) (4) (5) ■ (6) (7)
h 2 Y — 2 0.0768 0.1536 0.0053
CO 9353 0.7885 28 22.08 0.7279 20.3812 0.7077
Cl 106 0.0089 16
-=r 
1—1 •0 0.0082 0.1312 0.0046
co2 2263 0.1908 44 8.39 0.1761 7.7484 0.2690
C2 26 0.0022 30 0.07 0.0021 0.0600 0.0021
h 2s 98 0.0083 34 0.28 0.0076 0.2584 0.0090
COS 3 0.0002 60 0.01 0.0002 0.0140 0.0005
c3 10 0.0008 44 0.04 0.0008 0.0352 0.0012
iC|| 1 0.0001 58 0.006 0.0001 0.0058 0.0002
nC 4 2 0.0002 58 0.012 0.0002 0.0116 0.0003
Sum 11862 1.0000 __ 31.03 1.0000 28.7994 1.0000
(1) Product of attenuation, peak height, peak width at half 
the height, and response factor, for each component.
(2) Hydrogen free mole percent = item in column (1) divided 
by sum of column (1).
(3) Mole weight of each component.
(4) Product of columns (2) and (3). Sum of column (4) 
equals mole weight on hydrogen free basis.
Mole % H2 = (Sum column (4)) x 100 - (Ave. mole wt) x 100 (Sum column (4) - (2)) x 100
_ (31.03) x 100 - (28.8) x 100 _ n r3l'."03 '2')' x 100--------- 0.076B - 7.68%
Y = (Sum column (l))x(mole % H2)/(l - mole % H2)
= ( 1 1 8 6 2 )x ( 0 . 0 7 6 8 ) / ( 1  - 0 . 0 7 6 8 )  = 987
(5) Mole percent of each component = item in column (1) 
divided by sum column (1) plus Y.
(6) Item in column (5) multiplied by item in column (3).
(7) Mole percent of each component = item in column (6) 
divided by sum of column (6).
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(4) Weight percent sulfur in reaction gas.
% Sulfur = wt % sulfur in H^S + wt % sulfur in COS
= 0.0089 c||) + 0.0005 (§§)
= 0.0086 = 0.87%.
(5) Both steps (3) and (4) were written in a Fortran IV 
program. The program read the following data for each com­
ponent: peak height, attenuation, and peak width at one-
half the height. In addition, the average molecular weight 
for each gas was read. The program printed mole and weight 




















FORMAT(/,2X,’TYPE IN 1/2 WIDTH,HT,ATT1,/)
































































DO 40 1=1,10 
WTPER(I)=XX(I)/SXX 
4 0 SWTPER=SWTPER+WTPER(I)
WTPRSL=WTPER (6)*(32,'/34,) + WTPER (7) * (3 2 , /60) 
WRITE(4 310)((XMOLPR(I),WTPER(I)),1=1,10) 
WRITE(4,11) SXMOL,SWTPER,WTPRSL 
GO TO 99 
END
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(6) Calculation of the weight of product gas was done only
on the C runs. The gas weight was calculated by taking the
difference between the total product weight and the weight 
of the liquid recovered. In cases where the total product 
weight was not available the following procedure was used to 
calculate the gas weight.
1.165 l .. {2840 psia., .. ,273°K + 25°C \ .. o q q grams
24.5 4/mole- '•14.7 psia; l273uK + 375UC; x  ̂ ' mole
=100 grams of gas.
The gas temperature, pressure, volume, and molecular weight 
are known at reaction conditions; therefore, using the con­
version of 24.5 liter/mole at 25°C the gas weight can be 
determined.
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(7) The weight percent sulfur in the feed is calculated 
below:
Wt * sulfur in coal + wt * sulfur in solvent 
= wt * in feed
= 0.25 (4.18*) + 0.75 (0.404*)
= 1.348*.
The weight percent sulfur in the feed multiplied by the 
weight of the feed minus the weight of the water in the 
feed equals the grams of sulfur in.
(8) Calculation of liquid coal and solvent mixture heating 
values is shown below:
TTTT = (6. 887)x(25l5)-29+21.85+234.63 
n 1.0370
= 16,922 BTU/lb.
The calorimeter water equivalent was 2515 (BTU/lb)(g/°C) 
and is constant for all runs.
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(9) Calculation of the kinematic viscosity of the liquid
product was done using the following conversion equation.
M/p = 0.219 x 9 - (149.7/9)
where: y/p = kinematic viscosity (cst.)
0 = Saybolt viscosity (ssu).
(10) The weight percent conversion of the coal is calculated 
using the following equations.
% Conversion = 100$ - [ * Jl0-S^A.u-e.). .x „̂P-2--- _ f0 ash in coal]
r_____________  -L___________________________)(S/C+l)x wt extract)
r (Wt Residue x 100) * . . -
= 1002 - [Tw~ ExT Fâ t yx1 7 es7c+f)']~2 ash in ooal
= 100? - [ fi-5-yo294xl/°0)' ] - X k - 9 %  = 6 7 - 3 %
(11) Calculation of desulfurization is done below for run 1A.
1.348$ sulfur in -0.905% sulfur out ,









No. H2 CO C1 co2 C2 h 2s COS c3 ic4 nCjj
1A 7.68 72.79 0.82 17.62 0.21 0.76 0.02 0.08 0.01 0.02
IB 8.04 70.05 0.72 19.93 0.18 0.93 0.02 0.14 0.00 0.00
1C 8.79 74.51 0.33 15.31 0.13 0.81 0.04 0.07 0.00 0.00
2A 7.90 72.06 0.66 18.45 0.12 0.64 0.08 0.08 0.00 0.01
2B 7-82 74.49 0.71 15.81 0.13 0.89 0.04 0.09 0.00 0.01
2C 5.83 77.65 0.48 14.91 0.11 0.87 0.06 0.08 0.00 0.00.
3A 7.82 73.61 0.22 17.51 0.12 0.63 0.02 0.07 0.00 0.00
3B 8.72 72.74 0.44 17.25 0.08 0.68 0.02 0.07 0.00 0.00
3C 8.28 73.32 0.43 17.15 0.08 0.66 0.02 0.06 0.00 0.00
4A 11.41 56.57 1.42 28.25 0.45 1.37 0.20 0.25 0.02 0.05
4B 8.09 63.26 1.43 25.32 0.50 1.11 0.02 0.25 0.00 0.00
4C 8.17 64.70 1.23 24.11 0.42 1.14 0.01 0.21 0.00 0.00
5A 10.17 64.65 0.63 23.19 0.25 0.86 0.03 0.19 0.01 0.03
5B 10.51 62.40 0.61 24.98 0.40 0.87 0.03 0.15 0.01 0.03
5C 9.20 64.32 0.95 24.53 0.42 0.28 0.05 0.22 0.00 0.02
6A 9.84 64.48 0.82 23.41 0.33 0.86 0.03 0.21 0.00 0.03
6b 9.35 64.74 1.03 23.46 0.35 0.86 0.04 0.15 0.01 0.02
6C 5.16 79.73 0.50 13.19 0.33 0.94 0.03 0.13 0.00 0.00
7A 16.43 37.48 3.26 39.10 1.17 1.70 0.14 0.59 0.03 0.10
7B 12.35 44.06 3.50 35.60 1.36 2.23 0.05 0.70 0.03 0.12
7C 20.12 28.11 2.79 45.87 0.98 1.55 0.03 0.42 0.02 0.10
8A 13.76 41.31 2.56 39.07 1.30 1.36 0.04 0.47 0.03 0.11
8B 14.02 37.18 2.76 42.64 1.14 1.58 0.04 0.58 0.03 0.11
8 C 16.04 35.76 2.85 42.33 1.07 1.21 0.0 5 0.54 0.04 0.11
9A 10.44 55.98 1.60 29.51 0.86 1.06 0.02 0.44 0.02 0.07
9B 12.03 54.03 1.77 29.70 O.89 1.07 0.03 0.38 0.02 0.10
9C 10.87 57-93 1.11 27.97 0.61 0.90 0.05 0.49 0.03 0.06
10A 16.46 29.37 5.96 42.18 2.42 2.23 0.01 1.08 0.08 0.21
10B 17.64 20.58 7.19 48.75 2.58 1.74 0.01 1.17 0.06 0.29
IOC 18.26 24.17 5.33 47.99 2.00 1.21 0.00 0.82 0.07 0.15
11A 21.48 19.26 4.86 50.45 1.79 1.22 0.03 0.68 0.05 0.18
11B 17.52 27.21 5.46 45.50 1.90 1.26 0.00 0.91 0.05 0.19
11C 20.64 23.16 4.89 47.04 1.80 1.37 0.00 0.88 0.05 0.18
1:2 A 21.67 20.52 4.34 50.01 1.59 1.05 0.00 0.62 0.04 0.16
12B 17.46 26.99 5.86 45.05 2.15 1.42 0.00 0.80 0.05 0.21
12C 21.02 23.19 3.18 49.30 1.27 1.16 0.01 0.72 0.04 0.12
13A 20.76 11.26 10.13 51.41 3.35 1.26 0.00 1.46 0.11 0.26
13B 20.81 12.84 10.36 48.84 3.59 1.62 0.00 1.54 0.09 0.32
13C 18.25 14.2110.13 50.91 3.33 1.22 0.00 1.50 0.11 0.34
14A 22.55 10.48 9.41 51.28 3.27 1.10 0.00 1.55 0.10 0.26
l4B 20. 88 13.65 9.72 49.59 3.23 1.29 0.00 1.53 0.12 0.29
14C 20.04 12.87 8.44 53.07 2.82 1.16 0.00 1.23 0.11 0.25
15A 19.08 16.54 8.82 51.48 1.42 1.26 0.00 1.01 0.10 0.29
15B 22.83 13.37 7.26 50.03 4.16 0.96 0.00 1.11 0.07 0.21
15C 20.99 12.76 8.55 52.44 2.81 1.03 0.00 1.07 0.10 0.26





No. R2 CO (
1 CO12 C2 Ec>S COS C3 iC4 nC4
1A 0.53 70. 77 0.,46 26. 91 0.,21 0,.90 0.05 0.,12 0.02 0.03
IB 0. 55 67. 40 0..39 30.14 0,,18 1.,08 0.04 0.,21 0.00 0.00
1C 0.62 73. 98 0..19 23. 89 0.,14 0,. 97 0.08 0.,12 0.00 0.00
2A 0. 55 69. 81 0..37 28. 09 0..13 0..75 0.16 0.,12 0.01 0.02
2B 0. 55 73.18 0.,40 24. 42 0..14 1..07 0.08 0..13 0.01 0.03
2C 0.40 75. 24 0., 26 22. 71 0..12 1..03 0.13 0.,12 0.00 0.00
3A 0. 54 71. 57 0..12 26. 75 0..13 0..74 0.04 0..10 0.00 0.00
3B 0.61 71. 47 0..25 26. 63 0.,08 0.,81 0.04 0.,11 0.00 0.00
3C 0. 58 71. 78 0..24 26. 39 0.,08 0..79 0.05 0..09 0.00 0.00
4A 0. 77 53. 52 0..77 41.99 0..45 1..58 0.41 0..38 0.04 0.10
4B 0. 54 59. 24 0..77 37. 26 0..50 1..27 0.05 0..37 0.00 0.00
4C 0. 55 61. 00 0., 66 35. 71 0..43 1..31 0.02 0..31 0.00 0.00
5A 0. 70 62. 21 0..34 35. 06 0.,26 1..00 0.06 0..29 0.02 0.06
5B 0.72 59. 64 0..33 37. 51 0..41 1.,01 0.07 0..22 0.02 0.07
5C 0. 62 61. 05 0..52 36. 58 0..43 0..33 0.09 0..33 0.01 0.05
6A 0.67 61. 83 0..45 35. 27 0..34 1.,00 0.07 0..31 0.01 0.05
6B 0. 64 61. 87 0..56 35. 23 0,. 36 0..99 0.07 0..22 0.01 0.04
6C 0. 36 77. 51 0,,28 20. 15 0..34 1..11 0. 06 0,.20 0.00 0.00
7A 1.10 35. 10 1..74 57, 54 1,.17 1..93 0.29 0..87 0.07 0.20
7B 0.81 40. 58 1.,84 51. 53 1..34 2..50 0.10 1,,01 0.06 0.24
7C 1. 34 26. 23 1..49 67. 28 0,.98 1,.76 0.05 0..62 0.04 0. 20
8A 0.90 37. 80 1..34 56.17 1,.27 1..52 0.07 0,.68 0.05 0. 20
8B 0.90 33. 48 1.,42 60. 32 1,,10 1,.68 0.08 0,.75 0.06 0.21
8C 1.05 32. 83 1..50 61. 07 1..05 1..34 0.09 0..78 0.07 0.21
9A 0. 70 52. 25 0..85 43. 27 0..86 1,,21 0.05 0..65 0.03 0.13
9B 0. 81 51. 11 0..96 44. 15 0..90 1..23 0.07 0..56 0.03 0.19
9C 0.73 54. 61 0., 60 41. 43 0.,61 1,.03 0.09 0..72 0.05 0.11
10A 1.09 27. 23 3.,16 61. 45 2,.40 2..51 0.03 1,.58 0.16 0. 39
10B 1.15 18. 71 3..73 69. 64 2,.51 1..92 0.01 1,.67 0.11 0.54
IOC 1.19 22. 11 2..79 69. 00 1,.96 1..34 0.00 1,.17 0.13 0.29
11A 1. 42 17. 85 2..57 73. 50 1..78 1..38 0. 06 0,.99 0.10 0. 34
11B 1.15 25. 06 2,.87 65. 86 1,.87 JL <.41 0.00 TX 1.31 0.09 0. 37
11C 1. 38 21. 69 2.,62 69. 22 1,.80 1,.56 0.00 1,.29 0.09 0.34
12A 1.44 19. 09 2..31 73.11 1,.59 1..18 0.00 0,.91 0.08 0. 30
12 B 1.15 24. 94 3..09 65. 42 2..13 1..59 0.00 1,.16 0.10 0.40
12C 1. 39 21. 43 1..68 71. 58 1,. 26 1,.30 0.02 1,.04 0.07 0.23
13A 1. 38 10. 47 5..39 75. 15 3-.34 1..43 0.00 2,.14 0. 21 0.50
13B 1.40 12. 10 5..58 72. 35 3..63 1..85 0.00 2,.28 0.17 0.63
13C 1.19 12. 96 5..28 72. 96 3.. 26 1..35 0.00 2,.15 0. 21 0.63
14A 1. 52 9.88 5..07 75. 96 3-.31 1.. 26 0.00 2..29 0.20 0. 51
14B 1.40 12. 83 5..22 73. 21 3..25 1..47 0.00 1,.82 0.24 0. 56
14C 1. 31 11. 74 4;,40 76. 06 2,.76 1,.29 0.00 1,.76 0.21 0.47
15A 1. 25 15. 13 4.,61 74. 02 1..39 1,.40 0.00 1..45 0.20 0. 54
15B 1. 54 12. 65 3..93 74. 38 4..21 1,.10 0.00 1,.64 0.13 0.42




Run Wt Residue Wt Extract Wt Percent
No. (grams) (grams) Insoluble
1A 1.7891 15.0294 32.7
IB I.6965 15.7547 28.1
1C 1.8815 17.3190 28.5
2A 3.1442 23.0587 39.6
2B 2.2359 18.2585 34.1
2C 2.6288 18.2053 42.9
3A 1.8237 16.8999 28.3
3B 1.8384 13.4819 39.6
3C 2.4211 17.5211 40.4
4A 3.4039 25.7317 38.0
4b 1.9146 20.1227 23.1
4C 0.9127 8.7606 26.8
5A 1.8393 15.8175 31.6
5B 2.7674 21.6664 36.2
5C 1.0417 13.1474 16.5
6A 1.5571 16.3014 23.3
6b 1.2805 11.5535 29.4
6C 1.4406 18.8239 15.7
7A 1.7978 19.1994 22.5
7B 1.0905 10.1872 27.9
7C 1.7287 15.0312 31.1
8A 0.7234 10.9559 11.3
8B 1.4253 19.8129 13.9
8C 0.8382 12.6012 11.7
9A 0.9598 10.2356 22.6
9B 2.1527 20.6456 26.8
9C 0.9291 12.3873 15.1
10A 1.4176 18.6942 15.4
10B 1.4970 13.4396 29.6
IOC 1.4411 21.1227 12.4
11A 0.8494 13.9519 9.5
11B 0.8063 13.3805 9.2
11C 0.5900 10.1540 8.3
12A 1.5099 20.3247 14.8
12B 0.7392 9.8156 15.1
1:2 C 0.9268 19.0245 4.6
13A 2.0970 14.2063 44.1
13B 1.7998 12.7473 41.6
13C 2.4102 15.6878 46.6
l4A 1.1304 14.2370 16.9
14B 0.7430 10.9719 12.2
14c 1.0965 10.9443 25.2
15A 0.7870 12.3273 10.6
15B 0.1933 5.3887 0.5






















































T 1723 Table 21 87
Data Used In Calculating Reaction Gas Molecular Weights
Run
No. P(mm Hg) T (°C) Gas Wt ({
1A 620 27 0.141)3
IB 619 28 0.1452
1C 622 26 0.1422
2A 615 31 0.1415
2B 615 31 0.1400
2C 615 32 0.1413
3A 618 29 0.1427
3B 622 28 0.1428
3C 624 28 0.1437
4A 620 31 0.1461
4b 624 27 0.1511
4C 618 29 0.1475
5A 615 32 0.1423
5B 619 30 0.1452
5C 618 29 0.1461
6A 622 28 0.1465
6B 624 28 0.1470
6C 626 29 0.1447
7A 622 31 0.1481
7B 622 31 0.1507
7C 621 31 0.1483
8A 619 28 0.1526
8B 619 28 0.1548
8C 619 28 0.1520
9A 624 29 0.1504
9B 626 29 0.1487
9C 622 29 0.1480
10A 619 29 0.1502
10B 620 27 0.1544
IOC 622 26 0.1540
11A 623 28 0.1515
11B 622 26 0.1532
11C 618 29 0.1481
12A 625 27 0.1520
12B 622 29 0.1510
1’2C 623 28 0.1522
13A 625 26 0.1525
13B 625 26 0.1502
13C 620 25 0.1546
14A 622 25 0.1500
14b 622 19 0.1540
14C 626 27 0.1550
15A 625 24 0.1558
15B 625 23 0.1516
15C 625 24 0.1544
O ,9 Q j§JX) ̂ls§
8 n>.s R s5d o  CO
O o “
00 •s’ %K >-< O Z>-* wcn
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Table 22 88
Reaction Gas Molecular Weights
Run Mole Run Mole
No. Weight No. Weighl
1A 28.8 9A 30.0
IB 29.1 9B 29.6
1C 28.2 9C 29.7
2A 28.9 10A 30.2
2B 28.5 10B 30.8
2C 28.9 IOC 30.6
3A 28.8 11A 30.2
3B 28.5 11B 30.4
3C 28.6 11C 29.9
4a 29.6 12A 30.1
4b 29.9 12B 30.3
be 29.7 12C 30.3
5A 29.1 13A 30.1
5B 29.3 13B 29.7
5C 29.5 13C 30.7
6A 29.2 14a 29.7
6B 29.3 14b 29.8
6C 28.8 14c 30.7
7A 29.9 15A 30.6
7B 30.4 15B 2b.,6






Saybolt Viscosity of Liquid Coal 


















Carbon Hydrogen Content of Liquid Coal Product
















6 A 88.45 6.00
6B 88.99 6.08
6C 88.93 6.02
7 A 87.78 5.81
7B 88.77 5.88



























Ultimate Analysis of Creosote Oil (Solvent) and Products
From Run 15C (values In the table are weight percents)







*The percent sulfur Is from separate analysis.




Run % B-2 Pt
No.____________ (mole)__________  (psla)_________ (psla)
1A 7.68 2355 181
IB 8.04 2355 189
1C 8.79 2355 207
2A 7.90 2615 206
2B 7.82 2465 193
2C 5.83 2540 148
3A 7.82 2895 226
3B 8.72 2835 247
3C 8.23 2865 237
4A 11.41 2475 282
4B 8.09 2505 203
4C 8.17 2485 269
5A 10.17 2755 280
5B 10.51 2755 290
5C 9.20 2755 253
6A 9.84 2975 293
6B 9.35 3045 284
6C 5.16 3010 155
7A 16.43 2615 429
7B 12.35 2605 322
7C 20.12 2610 526
8A 13.76 2835 390
8B 14.02 2915 409
8C 16.04 2860 459
9A 10.44 3225 337
9B 12.03 3175 382
9C 10.87 3200 348
10A 16.46 2635 434
10B 17.64 2875 507
IOC 18.26 2755 503
11A 21.48 3135 673
11B -17.52 3115 546
11C 20.64 3125 645
12A 21.67 3395 73 6
12B 17.46 3375 589
12C 21.02 3385 712
1!3A 20.76 3055 634
13B 20.81 3095 644
13C 18.25 3075 561
l4A 22.55 3365 759
14B 20.88 3365 701
14C 20.04 3365 674
15A 19.08 3555 678
15B 22.83 3555 812
15C 20.99 3555 746
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Table 27. Heating Values, Raw Data.
Sample No. Sample Wt. AT(°F) AF(BTU) Tltrat:
1A 1.0370 6.887 29 25
2A 1.0583 7.088 29 24
3A 1.0622 7.056 14 20
4a 1.0234 6.805 14 19
5A 0.9686 6.538 21 19
6A 1.0309 6.964 32 13
7A 0.9894 6.689 23 19
8A 0.9870 6.735 18 17
9A 0.9749 6.487 30 16
10A 0.9626 6.755 12 17
11A 1.0946 7.306 34 20
12A 0.9880 6.738 29 14
13A 1.0306 7.021 36 18
14a 1.0290 7.028 34 15
15A 1.0694 7.340 18 17
Creosote Oil 1.0087 6.632 20 21
